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INTRODUCTION
A description of the long-standing approach used to increase the critical current density (J c ) of polycrystalline low temperature superconductors (LTS) such as Nb 3 Sn 1 in high magnetic fields, is probably best encapsulated by the flux pinning scaling laws used to parameterise the volume pinning force p F and J c given by 1 
where a , n, p and q are constants, D is the grain size, B the applied field and 2 c B is the upper critical field. For Nb 3 Sn, this functional form best fits the data in fields above 1 or 2 T. The intrinsic properties of materials have been improved by doping to increase 2 c B 3 . The extrinsic properties have been improved by reducing the grain size to increase the density of grain boundaries or adding precipitates, which increases the pinning and hence J c , and by changing the pinning mechanism operating to optimise p and q 4 . These approaches have successfully provided materials that enable applications from body scanners to the Large Hadron Collider 5 .
However, the discovery of the weak-link problem in high temperature superconductors (HTS) 6 including the exponential decay of J c in high fields, suggested that transmission of supercurrent through the grain boundaries limits J c in HTS such as YBa 2 Cu 3 O 7-δ (YBCO) 7, 8 . This has meant that scientists developing HTS have adopted a different strategy to that used for LTS and focussed on the formidable challenge of producing km-long quasi-single crystalline materials with only (and as few as possible) low-angle grain boundaries 9 . In this paper we show that in the polycrystalline materials presented here, flux flow along grain boundaries can explain the functional form of J c in both high and low fields in both LTS and HTS. Although it has long been known that flux-flow along grain boundaries is a possible description of dissipation in polycrystalline superconductors, the many forces on the fluxons that operate in these materials and complex disorder in the flux-line-lattice have meant that until computational visualisation of flux flow was obtained 10 (using Time Dependent Ginzburg Landau (TDGL) theory), there was no strong evidence that this is the dissipative state. Furthermore, there has been no mathematical framework to describe such dissipation. Recently in our group, we have found analytic solutions that describe J c for superconducting-normal-superconducting (SNS) junctions in high fields 11 . They are used here to model polycrystalline superconductors as a collection of such junctions. We present J c measurements obtained as a function of field, temperature, angle of field and strain for (polycrystalline) Nb 3 Sn wire, YBCO tape and BiSCCO tape and show that a single mathematical framework describes the data. 
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where we have used dimensionless units . In high fields, we find experimentally (below) that d is equal to a few coherence lengths 15, 16 where (6) and s and d 0 are constants. Our approach is phenomenological so the details of microscopic processes are neglected 17 and the parameters derived are assumed to be characteristic averages of the distributions of materials properties that inevitably occur in inhomogeneous high J c materials. We have not included the De Gennes 18 exponential term that characterises the decay of the order parameter in zero-field across a thick junction 11 because it is not required to fit the J c data presented in this paper. The central proposition of this paper is that we can consider LTS and HTS polycrystalline superconductors as a collection of SNS junctions where equations (5) and (6) describe J c in high and low magnetic fields and above criticality, flux flows along grain-boundary channels.
SAMPLES AND EXPERIMENTAL TECHNIQUES
Three different types of samples were measured: Multifilamentary DI-BiSCCO type HT tapes supplied by Sumitomo Electric Industries. The average width and thickness of the tapes were 4.5 mm and 0.36 mm, respectively; YBCO tapes from SuperPower (SCS4050). The superconducting layer was deposited onto a Hastelloy substrate with buffer layers, using a metal organic chemical vapour deposition technique, and stabilised by a copper layer. The superconducting YBCO layer was approximately 4 mm wide and 1 m thick; Nb 3 Sn wires manufactured by Bruker EAS using the multifilamentary bronze-route process. The average diameter of the wires was 0.81 mm.
The magnetisation J c measurements and ac magnetic susceptibility measurements of YBCO, BiSCCO and Nb 3 Sn were completed in a Quantum Design Physical Properties Measurement System © in magnetic fields up to 8.5 T at different temperatures. In the magnetisation measurements, hysteresis loops were obtained and the magnetisation J c was calculated using Bean's critical state model 19 . Ac magnetic susceptibility measurements were also used to find
The transport J c measurements of Nb 3 Sn were made using a standard four-terminal technique and the critical currents were determined using a 10 Vm -1 electric field criterion. J c for YBCO and BiSCCO was determined at 100 Vm -1 . The critical current densities were calculated using the critical current divided by the unstrained cross-sectional area of the superconducting components. Transport J c measurements on Nb 3 Sn wires were performed at 4.2 K in magnetic fields up to 14.5 T in a vertical superconducting magnet using our purpose-built strain probe which includes a copper beryllium spring sample holder 20 21 . The measurements of YBCO and BiSCCO tapes were performed at 77 K in magnetic fields up to 0.7 T in a conventional ironcored electromagnet and at 4.2 K in magnetic fields up to 14 T in a 40-mm-bore horizontal split-pair superconducting magnet at different angles between the field and the tape surface.
The strain measurements were carried out by using a springboard-shaped copper beryllium sample holder for applying strains up to 0.3 % in tension and -1.3 % in compression 22, 23 . 4. EXPERIMENTAL FUNCTIONAL FORM OF J c Figure 1 shows magnetisation J c as a function of applied magnetic field and identifies what we call in this work the self-field regime, the power-law regime and the exponential regime. The solid lines are fits to the data using equations (5) and (6) where we have assumed that the Ginzburg Landau constants are 33, 94 and 139 for Nb 3 Sn, YBCO and BiSCCO respectively 24 .
At the very lowest fields, the (log-log) insets of figure 1 show that J c is field-independent and the range over which J c is field-independent decreases as temperature increases. This is consistent with the self-field produced by the flowing current being much higher than the external magnetic field. At low fields, J c (B) shows power-law behaviour with an exponent of -0.5, consistent with equation (5) . The power-law behaviour occurs over a wider range of fields and temperatures for YBCO than Nb 3 Sn and BiSCCO and is attributed (below) to thinner grain boundaries. At sufficiently high fields, there is a cross-over from the power-law to the exponential regime which has been observed experimentally by other authors [25] [26] [27] [28] . We note that in other (lower J c ) YBCO samples, J c (B) is exponential over several orders of magnitude and a much larger range of field and temperature phase space 29 than shown here, which is consistent with attributing the field dependence to the nature of the grain boundaries and not the intrinsic properties of any specific superconducting material.
The functional form of B c2 (T) has been derived for each of the three materials studied here from fitting the J c data to equations (5) and (6) . In figure 2, we have compared these functional forms with B c2 values from the literature, as well as with those obtained from in-house ac magnetic susceptibility measurements. B c2 has been characterised at 1%, 5% and 50% of full 6 K, which only differs significantly from the pulsed field temperature dependence at 25 K and below where we find an upward curvature in B c2 . This curvature may arise from the difference in magnitude of B c2 (0) between the single crystal sample used for pulsed field measurements and our tape, optimised for high J c , or our assumption that κ is independent of temperature.
A concave curvature of B c2 (T) has been observed in several BiSCCO systems [35] [36] [37] which can be characterised using a scaling function
where fitting parameters from the J c data for our BiSCCO sample are B c2 (0)= 84.5 T and T C = 110.8 K. The data in figure   2 show that there is reasonably good agreement between the reduced temperature dependence and the free parameters obtained from different measurements on different samples. For
BiSCCO, the current densities are a significantly smaller fraction of the depairing current density than in say YBCO. When fitting the BiSCCO data at low fields, we find that unlike . We found () T b for all three materials by assuming that in the high field regime, in fields not too close to B c2 (T), we can simply consider J c to be proportional to exp
. For YBCO, we did not make measurements in sufficiently high magnetic fields to reach the high-field exponential regime at low temperatures. Nevertheless the data in figure 2 show the temperature dependence of () T b is similar to B c2 (T) for all three materials (where comparison is available) and has led to the empirical equation (6) .
The anisotropy of YBCO and BiSCCO can be described using anisotropic Ginzburg-Landau theory which relates the angle θ between the magnetic field and the a-b plane of the crystal structure using
where  characterises the degree of anisotropy. Here we treat YBCO and BiSCCO as anisotropic layered superconductors with three-dimensional behaviour. Although weak Josephson coupling between superconducting layers in BiSCCO leads to two-dimensional behaviour at low temperature and is described most accurately using Lawrence-Doniach theory 39 , the B c2 values calculated from these two theories are only significantly different at very low  and are almost indistinguishable for very highly anisotropic materials and the data considered here.
We have measured J c as a function of field, strain and angle at 77 K and 4.2 K in a standard vertical magnet (Nb 3 Sn) and a horizontal split-pair magnet (YBCO and BiSCCO) using dedicated probes designed in-house for transport measurements. Current flow is orthogonal to the field at all angles. These transport experiments are particularly demanding in the splitpair magnet at 4.2 K because of the large forces on the samples. However, the angular measurements have the advantage that unlike angular magnetic measurements, the interpretation of the data is more straightforward because the path of the macroscopic current flow is unambiguous. In figure 3 , the angular dependence of J c is shown. Equation (5) implies that universal scaling behaviour should be observed for the angular dependence of J c as a function of
. This universality is confirmed as a function of angle at several magnetic fields for YBCO at 4.2 K and at three different strains as a function of field and angle for BiSCCO. We attribute the relatively small asymmetry about 0 degrees at 4.2 K ( Fig. 3b ) and at 77K (not shown) for YBCO predominantly to angular hysteresis 40 with literature values for the anisotropy constant of 3 -8 12, 42, 43 . For BiSCCO, the anisotropy is at the low end of the range reported in the literature ( = 3 -150 [44] [45] [46] [47] ). We attribute the value of  predominantly to anisotropy, but it is also affected by grain misalignment, which is important in BiSCCO since the tape was produced by the powder-in-tube (PIT) method. In both tapes the c-axis is preferentially orthogonal to the surface of the tape. Figure 4 shows the normalised critical current density J n (where J n = J c (ε a )/J c (ε p )) versus strain. Relative strain (ε r ) is defined by: ε r = ε aε p , where ε a is the applied strain, and ε p is the value of strain at which J c reaches its peak value. For Nb 3 Sn, there is the very strong field dependence expected for the strain dependence of J n over the reduced field B oriented parallel to the c-axis to keep currents below 500 A. The strain at which the maximum value of () cp J  occurred, changed from -0.3 % at 2 T to -0.1 % at 14 T as has been reported before 49 (although we saw no such change at 77K, nor did we see the double-peak in J c versus strain observed elsewhere 49, 50 ). We attribute these changes to the field and strain figure   3c ). We conclude that the strain dependence of J c is due to the strain dependence of r and hence  (N) . Measurements of  (N) are required to explain why the strain dependence of r is larger at 77 K than 4.2 K and may require inclusion of the role of grain boundary dislocations as a function of strain 51 . We note that since flux pinning theories do not include normal state properties, they cannot explain the variable-strain J c data presented here in Figs 4b and 4c for 8 YBCO at all. Given the data show that 2 c B is unaffected by strain, if one used a flux pinning description given by equation 1, a parameterisation of the variable-strain J c data would require a change in the grain-size by a factor 5 at 77 K, which is clearly not physical. In figure 4(b) , we show how the strain dependent r eventually causes the universal behaviour to break down (in the high-field exponential regime) and leads to a less strain-dependent normalised J c on approaching B c2 . Since 2 c B is independent of strain at both 4.2 K and 77 K, we can expect that T c is also strain independent. Because J c is a complex parameter, determined by a range of different local properties including anisotropy, grain orientation, local defect and compositional properties, and grain boundary structures, the fitting parameters derived here are sample averaged and one can expect percolative current flow in a twinned YBCO tape.
Single-crystal data on YBCO show that T c increases with pressure along the b-axis and decreases with pressure along the a-axis with an average that is close to strain independent 52 .
Hence the single-crystal data on YBCO suggest that although the average superconducting properties are strain independent, the underlying width of the distribution of the properties may change.
For BiSCCO, we found that accurate measurements of the strain dependence of J c are demanding because the changes in J c over the range of strain where J c is reversible are much smaller than found in YBCO or Nb 3 Sn. In the inset to figure 4(d) , we show the 'roof-top' behaviour for J c versus strain which we have characterised in the reversible strain region using the change in the normalised J c with strain (at zero applied strain) as a function of reduced B and s are unaffected by strain. However for B//c at 77 K, J c is in the exponential regime and dJ n /dε a is increasingly strain sensitive as the applied field increases.
This increase cannot be explained by a strain dependence of r because it causes a decrease in strain sensitivity in high fields. However, an increase of just ~ 5% in d for a tensile strain of 1 % explains the increasing strain sensitivity shown by the 77 K, B //c-axis data in figure 4(d).
Nevertheless without data at much higher fields we cannot determine whether this is due to changes in 2 c B (which has been observed 53 ) or s. The r parameter (shown in Table 1 ) is unity and temperature independent for both Nb 3 Sn and YBCO. These results imply that the resistivity of the grain boundaries and the grains in these materials have a similar temperature dependence and so are both metallic. For BiSCCO, r is small with a temperature dependence consistent with the grain boundaries being highly resistive and semiconducting. Although the ratio r/w is fixed when parameterising the BiSCCO J c data, because the parameter w is strongly correlated with r and so can change without significant changes in the quality of fit, we have provided fits to the data with w set equal to that of YBCO. The presence of the parameter w in equation (5) explains why decreasing grain size was so effective in LTS materials and flux pinning theory has been so useful, since (using the language of pinning) the edges of the junctions can be interpreted as pinning sites. Since w is a few microns in Nb 3 Sn, about a factor of 5 -10 larger than the grain size 54 , it suggests that several grains act together as a single channel or equivalently not all triple points separate the channels (probably because they are not aligned sufficiently with the field direction). The HTS YBCO and BiSCCO have much smaller values of w than the grain sizes in these materials [55] [56] [57] which implies that faceting or grain boundary dislocations divide a grain boundary into many SNS junctions, or to use the language of flux pinning, there are strong pinning sites along the grain boundaries 41, 58, 59 . In parameterising the free-parameter d, we need only introduce the constant d 0 to describe the BiSCCO J c data and even in this case d 0 is sufficiently small that it only significantly affects d at the very lowest temperatures where the fundamental superconducting properties are least well known.
Simple arguments can provide an explanation for the s-values found: s is small in YBCO because 2 c B is not dependent on strain and the low angle grain boundaries are thin; s is larger in Nb 3 Sn because the mechanism that causes superconductivity is different in LTS from HTS so unlike YBCO, strain depresses the superconductivity near the grain boundaries 32 This paper uses a single functional form that naturally leads to power law behaviour at low field and exponential behaviour in high fields without introducing two mechanisms. Although the model presented here described by equations (5) and (6) seems to be mathematically more daunting than the flux pinning equation given in equation (1), the number of free parameters is not significantly different. Comparing (1) with (5) and (6), the parameters n, p and q in (1) are effectively replaced by s and the parameters α and D by w. If the results d 0 = 0 and r = 1 found here for Nb 3 Sn and YBCO are generally true for metallic superconductors with wellconnected grains, there is actually a reduction in the number of parameters required to specify the functional form of J c . This reduction will help magnet engineers assess the merits of the many different superconducting materials available for applications.
Significant improvements in YBCO 62 and BiSCCO 63 have been achieved by heavily loading these materials with artificial pinning (AP). In YBCO, ion irradiation 62 and nanodots 64 have been successful. More recently, self-assembling nano-columns have also been very effective in increasing J c which are aligned along the c-axis of the material and have helped reduce the angular variation (i.e. anisotropy) in J c as a function of the direction of the applied field 65, 66 .
In this context, it is helpful to consider a range of different microstructures determining J c , from those materials with isolated pinning sites, those with pinning sites joined by shallow channels and those with joined-up deep channels alone. Even in high J c quasi-single crystal thin films with large low-angle (non-planar) grain boundaries, we can expect that when the density of dislocations is sufficiently high, some (small) parts of the film consist of channels made up of chains of dislocations. Until we know the mechanism that causes superconductivity, it is difficult to know the spatial extent of the disruption in superconductivity near a dislocation 48 . The evidence that strain does not affect the average superconducting properties of YBCO may yet provide an important insight into the mechanism that gives rise to superconductivity in HTS 70, 71 .
Tables (5) and (6). 
